Single neuron activity was recorded in the frontal eye field (FEF) of monkeys trained to perform a difficult luminance discrimination task. The appearance of a cue stimulus informed the monkeys of the locations of two gray luminance stimuli that would appear within 500-1500 ms. The monkeys were rewarded for making a saccade to the brighter of the two luminance stimuli, or if they were the same luminance, for making a saccade to the cue stimulus. Sixty percent (51/85) of FEF neurons exhibited elevated activity when the cue informed the monkeys that one of the luminance stimuli would appear in their response field (RF). This spatially selective anticipatory activity occurred without any visual stimulus appearing in their RF and was not related to saccade choice or latency. The responses of 27 of the anticipatory neurons (32% of the total sample) were also incompatible with the hypothesis that the activity represents saccade probability because they did not exhibit elevated activity for the cue stimulus which was the most probable saccade target. Behaviorally, monkeys exhibited improved perception at locations informed by cue than at unpredictable locations. These results provide physiological evidence that FEF serves an important role in endogenous spatial attention in addition to its well-known role in saccade production.
Introduction
People are better at perceiving a peripheral stimulus when they attend to its location before it appears (Carrasco, Ling, & Read, 2004; Posner, 1980) . In the past two decades, the effects of covert visual attention on visual processing has been studied widely (Ciaramitaro, Cameron, & Glimcher, 2001; Corbetta & Shulman, 2002; Desimone & Duncan, 1995; Fries, Reynolds, Rorie, & Desimone, 2001; Kastner & Ungerleider, 2000; Mitchell, Stoner, & Reynolds, 2004) . In general, attention enhances neuronal responses (Luck, Chelazzi, Hillyard, & Desimone, 1997; McAdams & Maunsell, 1999; Reynolds, Pasternak, & Desimone, 2000) , thus improving stimulus discrimination and detection (Carrasco, Penpeci-Talgar, & Eckstein, 2000) .
Psychological studies suggest that there are two separate processes that guide the allocation of attention: reflexive (exogenous) and voluntary (endogenous) (Corbetta & Shulman, 2002; Kincade, Abrams, Astafiev, Shulman, & Corbetta, 2005; Rosen et al., 1999) . Reflexive or exogenous attention refers to a bottomup, or stimulus-driven, process in which external visual stimuli automatically capture attention. Voluntary or endogenous attention refers to a top-down, or cognitively driven, process in which attention is willfully allocated to a specific location.
Functional imaging studies have revealed a fronto-parietal neural network, which includes the frontal eye field (FEF) , that is involved in both endogenous and exogenous covert attention (Beauchamp, Petit, Ellmore, Ingeholm, & Haxby, 2001; Corbetta & Shulman, 2002; Hopfinger, Buonocore, & Mangun, 2000; Kastner, Pinsk, de Weerd, Desimone, & Ungerleider, 1999; Kincade et al., 2005; Pessoa, Kastner, & Ungerleider, 2003; Rosen et al., 1999; Serences & Yantis, 2006) . Results from microstimulation and inactivation studies in monkeys and humans are consistent with the hypothesis that FEF is a source of top-down attentional modulation (Awh, Armstrong, & Moore, 2006; Grosbras & Paus, 2002; Juan, Shorter-Jacobi, & Schall, 2004; Moore, Armstrong, & Fallah, 2003; Moore & Fallah, 2001; Schafer & Moore, 2007; Wardak, Ibos, Duhamel, & Olivier, 2006) , but these studies cannot identify or characterize the neurons involved in this modulation. Most single unit studies of monkey FEF have focused on its role in saccade production (Schall & Thompson, 1999) . A few single unit recordings in FEF (Kodaka, Mikami, & Kubota, 1997; Thompson, Biscoe, & Sato, 2005) have revealed activity corresponding to exogenous attention following the presentation of visual stimuli. But in these studies, the attention-related activity could be attributed to modulation of stimulus-driven processes. There has been no single unit study in the frontal eye field describing attention-related activity in the absence of visual stimulation. Therefore, the neural mechanisms controlling the allocation of cognitively directed endogenous spatial attention are still largely unknown. We recorded single neuron activity in FEF while monkeys performed a task designed to isolate activity derived exclusively from cognitive processes without an exogenous, or stimulus derived influence. Monkeys performed a difficult luminance discrimination task in which the locations of two visual stimuli to be discriminated were known but the direction of the rewarded saccade response was unknown. The monkeys learned to associate the location of a cue to the locations at which two behaviorally important luminance stimuli would appear. The cue stimulus was far enough away from the luminance stimuli so that both would not appear in a neurons' response field (RF) on the same trial. Thus, any spatially selective activity emerging in the absence of visual stimulation would have to be attributed to endogenous, cognitive processes.
Our data showed that a group of FEF neurons exhibited cognitively driven spatially selective activity. This increased activation occurred without any visual stimulus appearing in the neurons' RF and was not related to the direction or latencies of saccades following the presentation of the luminance stimuli. We hypothesize that FEF is a source of top-down spatial attention that influences ongoing visual processing. Some of the findings presented here have appeared in abstract form (Zhou & Thompson, 2004) .
Materials and methods

Data collection
Two male monkeys (Macaca mulatta), weighing 8 and 11 kg, were prepared for electrophysiological recordings. All surgical and experimental protocols were approved by the NEI Animal Care and Use Committee and complied with the NIH Guide for the Care and Use of Laboratory Animals. Sterile surgery was performed under ketamine and isofluorane anesthesia to place a head-holding device, a plastic recording chamber over the right frontal eye field, and scleral search coils. Frontal eye field was localized within the recording chamber using low current microstimulation (<50 lA) to evoke saccades, and by the presence of saccade-related movement neurons (Bruce & Goldberg, 1985) . Recording sites were confirmed to be in the rostral bank of the arcuate sulcus by MRI.
Visual stimulation and behavioral control was done by a computer running REX. Visual stimuli were presented on a computer monitor (Hitachi, 26 cm Â 21 cm, 1024 Â 768 pixel resolution, 60 Hz frame rate) viewed at a distance of 57 cm. Action potential waveforms were recorded with tungsten microelectrodes, digitized, and saved using a computer-based data acquisition system (Plexon Inc.). Offline spike sorting (Plexon Offline Sorter) separated single units based on the size and shape of the spike waveforms. Analog eye position signals were digitized and sampled at 1 kHz.
Behavioral training and tasks
Monkeys were seated in a primate chair with their heads fixed. Using operant conditioning with liquid reward as positive reinforcement, the monkeys were trained to perform a memory-guided saccade task and a luminance discrimination task. The two tasks were run in separate blocks of trials. The peripheral target stimulus used in the memory-guided saccade task was exactly the same as the dim stimulus used in the luminance discrimination task. Four peripheral stimulus locations were used in both tasks: up, down, left and right at 10°eccentricity.
The memory-guided saccade task was used to distinguish visual activity from movement activity for cell classification, and to aid in mapping the spatial extent of each neuron's response field (Bruce & Goldberg, 1985) . After the monkeys fixated a 0.2°Â 0.2°white spot on a gray background (4.1 cd/m 2 ) for 300 ms, a 1.6°Â 1.6°g ray square target (10.1 cd/m 2 ) was flashed for 33 ms at 1 of 4 peripheral locations (the same locations used in the luminance discrimination task). The monkeys were required to maintain fixation on the central spot for a random interval ranging from 500 to 1500 ms. After the fixation spot disappeared, the monkeys were rewarded for making a saccade to the target within 500 ms. Once gaze shifted, the target reappeared to provide feedback and a fixation target for the monkeys.
In the luminance discrimination task, after the monkeys fixated a central blue spot on a gray background (4.1 cd/m 2 ), a bright 1°Â 1°green square appeared at 1 of 4 possible peripheral locations. This green square remained on throughout the rest of the trial. The monkeys were required to maintain fixation for a randomized period lasting between 500 and 1500 ms. After this delay, two gray squares (1.6°Â 1.6°) were flashed for 33 ms at the two isoeccentric stimulus locations positioned at right angles 90°clockwise (CW) and 90°counterclockwise (CCW) to the green stimulus (Fig. 1a) . The luminance of the two gray squares were either the same dim luminance or one was brighter. 'Same' luminance and 'different' luminance trials were randomly interleaved. On 'same' trials the monkeys were rewarded for shifting gaze to the green stimulus. On 'different' trials the monkeys were rewarded for shifting gaze to the location of the brighter of the two flashed luminance stimuli. The locations of the two luminance stimuli were predictable based on the location of the green stimulus. The brighter luminance stimulus on 'different' trials occurred at either location with equal probability. The luminance of dim stimulus was 10.1 cd/m 2 . The luminances of the four bright stimuli used on 'different' trials were 11.1, 12.1, 14.2, 18.2 cd/m 2 ; which were about 10%, 20%, 40%, 80% brighter than the dim stimulus. Each luminance difference increment was presented in blocks of 20 trials in a pseudorandom sequence. Within each block, about 40% of the trials were 'same' trials in which both luminance stimuli were dim (10.1 cd/m 2 ). In some later experimental sessions, larger blocks with about 100 trials were used. The results from these sessions did not differ from the sessions with 20 trials per block.
Data analysis
All data were analyzed using custom-written programs in Matlab (The Mathworks, Inc.). Saccades were detected using an algorithm that searched for elevated eye velocity (>20°/s). Saccade initiations and terminations were then defined as the beginnings and ends of the monotonic changes in eye position that lasted at least 10 ms. Measurements of neural activity were derived from spike density functions generated by convolving the time of action potentials with a function that projects activity forward in time and approximates an EPSP (Thompson, Hanes, Bichot, & Monkeys performed a luminance discrimination task. After the monkey fixated a central spot for 300 ms, a green cue stimulus appeared at one of four stimulus locations (left, right, up, or down at 10°eccentricity). After maintaining fixation for a random delay lasting between 500 and 1500 ms, two gray squares flashed for 33 ms at the two isoeccentric stimulus locations positioned at right angles 90°clockwise (CW) and 90°counterclockwise (CCW) to the green cue stimulus. Monkeys were rewarded for correctly reporting whether the two gray square were the same or different. A report of 'same' was a saccade to the green cue stimulus. A report of 'different' was a saccade to the location of the brighter of the two luminance stimuli. (b) The locations of two luminance stimuli were predicable. When the green cue stimulus appeared at the left or right locations, the luminance stimuli always appeared at the up and down locations. When the green cue stimulus appeared at the up or down location, the luminance stimuli always appeared at the left and right locations. A hypothetical neuron's receptive field (RF) is outlined with the thin line. Four different trial conditions are labeled according to the position of the green cue stimulus in relation to the neuron's RF: 'In RF'; 'Opposite RF'; '90°from RF-CW'; and '90°from RF-CCW'. (c) Behavioral performance of the two monkeys in typical recording sessions. Four luminance differences (10%, 20%, 40%, and 80%) were presented in blocks of 20 trials mixed with about 40% 'same' trials. Luminance difference is defined as the percent increase in luminance (cd/m 2 ) of the brighter stimulus over the dimmer stimulus (see Section 2). Percent correct was calculated from all trials ('same' and 'different') within blocks of the same luminance difference. Schall, 1996) . The non-parametric Wilcoxon rank-sum test was used to test for significant differences in the magnitude of the spike density function across conditions averaged over the specific time intervals described below.
In this report we included only those cells that showed a response at only one of the four peripheral stimulus locations tested in the memory-guided saccade task. Neurons were classified as exhibiting one or more of the following responses when the target was flashed in its response field: (1) visual activity-if there was a significant increase of activity between 50 and 150 ms following visual stimulus presentation compared to baseline (the average activation during the last 100 ms preceding the target flash), (2) delay activity-if there was significantly elevated activity in the last 200 ms preceding the removal of the fixation spot relative to baseline, and (3) movement activity-if there was a significant increase in activity from 50 ms before to 50 ms after saccade initiation as compared to the last 100 ms of the delay period.
A visuomovement index was calculated for each neuron that quantifies the relative contributions of visual and movement activity to a neuron's response in the memory-guided saccade task. The visuomovement index was calculated as the contrast ratio between the visual response and the movement response in the memoryguided saccade task [(movement À visual)/(movement + visual)]. For this calculation, the visual response was obtained by subtracting baseline activity (average activity during the 100 ms preceding the target flash) from the average activity between 50 and 150 ms following the target flash, and the movement response was obtained by subtracting the late delay period activity (average activity during the 100 ms preceding the go cue) from the average activity between 50 ms before to 50 ms after saccade initiation. Negative visual or movement responses were rounded to zero.
The average firing rates on trials during the last 200 ms of the delay period in both the memory-guided saccade task and the luminance discrimination task were used to compare delay period activation across trial conditions to characterize the anticipatory activity. The analysis was done in the following sequence.
(1) Delay period activity in the memory-guided saccade task on trials in which the target appeared at the locations 90°CW and 90°CCW from the RF was compared to the activity on trials in which the target appeared at the location opposite the RF (Opposite RF). The neurons showing no significant difference in activity were used in the subsequent analysis (see Fig. 3a ). (2) Delay period activity in the luminance discrimination task from both 90°CW and 90°CCW trials were compared to activity on 'Opposite RF' trials to determine which neurons exhibited significant anticipatory activity preceding the appearance of the luminance stimuli in the RF (Fig. 3b) . Those that did not were classified as type III neurons. (3) The neurons that exhibited significant anticipatory activity were examined further (Fig. 3c) . Those neurons that exhibited significantly greater delay period activity on '90°from RF' trials than on trials in which the green stimulus was in the RF were classified as type I (Fig. 2b) . The remaining neurons with anticipatory activity were classified as type II (Fig. 4b ).
Results
In the luminance discrimination task, each trial began with the presentation of a peripheral green cue stimulus at one of four positions (up, down, left, right, at 10°eccentricity) (see Fig. 1a and Section 2 for details). The location of the green cue stimulus informed the monkey that two gray stimuli would be flashed for 33 ms at the two isoeccentric stimulus locations positioned at right angles, 90°c lockwise (CW) and 90°counterclockwise (CCW), to the green cue stimulus (Fig. 1b) . The monkeys' task was to judge whether the two gray stimuli had the same or different luminance. On trials with a luminance difference, the monkeys were rewarded for making a saccade to the location of the brighter of the two gray stimuli. On trials in which the two gray stimuli had the same luminance, the monkeys were rewarded for making a saccade to the green cue stimulus which remained on throughout the trial. About 40% of trials were 'same' trials in which the green cue stimulus was the correct target.
For both monkeys, task performance improved as the luminance difference increased from about 50% correct in the 10% luminance difference condition to more than 85% correct in the 80% luminance difference condition ( Fig. 1c ; see also Fig. 9 ). The monkeys had three choices in this task; they performed above chance (33% correct) even in the most difficult luminance difference condition.
Neuron activity
We recorded the activity of 268 FEF neurons in the two monkeys; 205 of these neurons exhibited clear visual or saccade-re- The upper rasters show the spike times on single trials and the lower spike density functions plot the average firing rate separately for the four stimulus locations. The green lines plot the activity when the target was presented in the response field (In RF). The red lines plot the activity when the target was presented at the stimulus location 90°CW (solid red) and 90°CCW (dotted red) from the RF. The blue line plots the activity when the target was presented at the stimulus location opposite the RF (Opposite RF). (b) Activity of the same neuron recorded during the luminance discrimination task aligned on the time of the presentation of the green cue (left) and the time of the appearance of the luminance stimuli, which marks the end of the delay period (right). The upper rasters and lower spike density functions correspond to the activity on trials in which the green cue stimulus appeared at the same stimulus locations as the flashed target in the memory-guided saccade task. Note the similar initial visual response in the two tasks when the visual stimulus is presented in the RF (green activity traces). This neuron exhibited clear anticipatory activity during the delay period on trials in which the green stimulus informed the monkey that a luminance stimulus will appear in its RF (solid and dotted red activity traces). In contrast, there was no activity modulation on trials in which the green stimulus was presented opposite its RF and informed the monkey that both luminance stimuli will appear outside its RF (blue activity trace).
lated activity that was spatially tuned in the memory-guided saccade task. To isolate spatially selective activity in the absence of a visual stimulus in the luminance discrimination task, it was essential to compare the delay period activity before the appearance of the luminance stimuli on trials when a stimulus did not appear in the RF to the activity on trials when a luminance stimulus appeared in the RF. If a neuron had a RF that encompassed more than one of the four stimulus locations, one of the luminance stimuli appeared in the RF on every trial, which made the essential comparison impossible. Therefore, it was necessary to limit the pool of neurons to those that responded to a stimulus presented at only one of the four stimulus locations. A total of 85 neurons in our sample fit this criterion. In a memory-guided saccade task, these neurons showed increased visual activity, delay period activity, saccade-related activity, or any combination of the three at one of the four stimulus locations; but not at the other three locations.
To determine whether cognitively driven spatially selective activity is present in FEF, we examined the activity occurring during the delay period of the luminance discrimination task following the appearance of the green cue stimulus and ending at the onset of the luminance stimuli. The results from the two monkeys were the same so they are combined. Fig. 2 shows the activity of an FEF neuron that exhibited cognitively driven spatially selective activation preceding the presentation of the luminance stimuli. In the memory-guided saccade task (Fig. 2a ) this neuron exhibited a brief phasic visual response, some late delay period activity, and eye movement related activation when the target stimulus was flashed in its response field (RF), but did not exhibit activity above baseline at the other three locations. In the luminance discrimination task (Fig. 2b) , when the green cue stimulus appeared in its RF, this neuron showed a similar phasic visual response as was observed in the memory-guided saccade task. However, instead of an increase in activity during the delay period, this neuron exhibited a decrease in activation. Importantly, when the green cue appeared outside the neuron's RF and its position informed the monkey that a luminance stimulus would appear inside the RF (Fig. 2b, red traces) there was no initial phasic visual response, but its activity began growing after about 100 ms and continued throughout the delay period. In contrast, on trials in which the green cue appeared outside the neuron's RF and its position informed the monkey that the luminance stimuli would appear outside the RF (Fig. 2b, blue trace) , the neuron maintained a baseline level of activation throughout the delay period. In the last two conditions (90°from RF and Opposite RF) there was no visual stimulus in the neuron's RF. Therefore, the increased activity that occurred later in the delay period on '90°from RF' trials is due to the cognitive influence of anticipating the appearance of a behaviorally relevant luminance stimulus in the RF.
To determine the frequency with which FEF neurons exhibit cognitively driven anticipatory activity, we measured firing rates recorded during the last 200 ms of the delay periods in the memory-guided saccade and luminance discrimination tasks. In the memory-guided saccade task, all 85 neurons exhibited equivalent activity (Wilcoxon rank-sum test, p > .05) during the delay period on trials when the visual stimulus was presented at the stimulus locations 90°from the RF and opposite the RF (Fig. 3a) . For this analysis we combined the activity on 90°CW and 90°CCW trials. In the luminance discrimination task, 60% (51/85) of the neurons exhibited significantly higher activity when the green cue stimulus was presented 90°from the RF than when the green cue stimulus was presented opposite the RF (Fig. 3b) . For these neurons the pooled average firing rate was 177% higher during the last 200 ms of the delay period on trials before a luminance stimulus appeared in the RF ('90°from RF' trials = 17.26 spikes/s) than on trials when no stimulus appeared in the RF ('Opposite RF' trials = 6.22 spikes/s). None of the neurons showed significantly Type I neurons (gray bars) were defined as those in which the anticipatory activity preceding the appearance of the luminance stimuli was significantly greater than the activity related to the visible green cue stimulus (see Fig. 2 ).
The remaining neurons with anticipatory activity (white bars) were defined as type II (see Fig. 4 ).
higher activity on trials in which the cue stimulus was presented opposite of the RF than on trials when cue stimulus appeared 90°f rom the RF. Next, the 51 neurons that exhibited spatially specific anticipatory activity were subdivided into two subtypes (Fig. 3c) . We designated them type I and type II. The neuron in Fig. 2 is an example of a type I neuron and the neuron in Fig. 4 is an example of a type II neuron. Both type I and type II neurons exhibited significant anticipatory activity preceding the appearance of a task-relevant visual stimulus in the RF. The difference between type I and type II neurons is that type II neurons also exhibited sustained delay period activation when the green cue stimulus was present in the RF (compare the green traces in Figs. 2b and 4b ). Type I (n = 27) neurons were distinguished from type II (n = 24) as those neurons that exhibited significantly higher activity (Wilcoxon rank-sum test, p < .05) when the green stimulus was outside of their RF (90°CW or CCW from RF) than when the green stimulus was inside their RF. The remaining subset of neurons (n = 34), designated as type III, did not exhibit significant anticipatory activation before the luminance stimuli appeared in their RFs and are represented by the black dots in Fig. 3b .
The different activity patterns of type I, II, and III neurons during the luminance discrimination task are evident in the pooled activity shown along the bottom row of plots in Fig. 5 . To summarize, type I (Fig. 5a ) and type II (Fig. 5b) neurons exhibit anticipatory activity during the delay period in the absence of visual input. Type II neurons, but not type I neurons, also exhibit sustained activity when the green cue stimulus is present in the RF. Type III neurons (Fig. 5c ) do not exhibit anticipatory activity in the luminance discrimination task. The overall pattern of activity of type III neurons in the luminance discrimination task is similar to their activity in the memory-guided saccade task; they are active during the delay period only on trials in which a visual stimulus was presented in the RF.
FEF neuron classification: Task comparison
FEF neurons are usually classified based on activity recorded during memory-guided saccade tasks (Bruce & Goldberg, 1985; Lawrence, White, & Snyder, 2005) . We differentiated four different patterns of activity in the memory-guided saccade task. (1) Phasic visual neurons exhibited a brief visual response after the stimulus was flashed in their RF and were silent for the remainder of the trial. (2) Visual-delay neurons exhibited a visual response followed by elevated activity during the delay period, and no increase in activity around the time of the saccade. (3) Visuomovement neurons exhibited a visual response and an increase in activity before the monkey made a saccade into the RF. Most visuomovement neurons also exhibited delay activity (see Figs. 2a and 4a ). (4) Movement neurons exhibited no visual response following the stimulus flash and exhibited increased activity immediately before the saccade into the RF. Table 1 compares our neuron classifications based on activity recorded in the luminance detection task to the classifications based on the activity recorded in the memory-guided saccade task. Three main points are evident in Table 1 . First, none of the phasic visual neurons (0/14 = 0%) exhibited anticipatory activity. Evidently, a neuron must be able to carry information that is not directly related to the physical presence of a visual stimulus (e.g., memory-or saccade-related activity) to exhibit anticipatory activation preceding a predictable visual stimulus. Second, most of the neurons that exhibited delay period or movement activity in the memory-guided saccade task also exhibited anticipatory activity in the luminance discrimination task (overall: 51/71 = 72%; visual-delay neurons: 8/12 = 67%; visuomovement neurons: 36/ 44 = 82%; movement neurons: 7/15 = 47%). Third, most of the type I neurons (20/27 = 74%) and all of the type II neurons (24/ 24 = 100%) were visually responsive.
The responses of FEF neurons in memory-guided saccade tasks lie on a visual-movement continuum (Lawrence et al., 2005) . At one end of the continuum are the visual neurons and at the other end are the movement neurons. Visuomovement neurons connect the two extremes exhibiting varying degrees of both visual and saccade-related activity. To quantify the visual-movement continuum, a visuomovement index was calculated for each neuron as the contrast ratio between the visual response and the movement response in the memory-guided saccade task [(movement À visual)/(movement + visual)] (see Section 2.3 for details). For this calculation, the baseline activity of each neuron was subtracted from its visual response and late delay period activity was subtracted from its movement response.
We examined whether a neuron's placement on the visuomovement axis was related to anticipatory spatial selectivity in the luminance discrimination task (Fig. 6a ). An anticipatory activity index was calculated as a contrast ratio of the activity during the last 200 ms of the delay period between the trials in which the green cue stimulus appeared 90°from the RF and opposite the RF (90°RF À OppRF)/(90°RF + OppRF). Because this measure is unreliable at extremely low firing rates, it was necessary to set the index to 0 for neurons in which the denominator (90°RF + OppRF) was less than 5 spikes/s. This only affected the selection index for type III neurons; those neurons in which these two activity measures were not statistically different (see Fig. 3B , black dots). Fig. 6 shows that strong anticipatory selection was observed across the entire visuomovement axis for both type I and type II neurons, and the magnitude of the anticipatory index was not different between the two groups (type I: average = 0.54; type II: average = 0.51; p = .59). However, the distributions in Fig. 6b shows that a higher proportion of type II and type III neurons had stronger visual than movement responses in the memory-guided saccade task (type II: 75%, v 2 = 5.04, p = .02; type III: 71%, v 2 = 4.98, p = .03). Type I neurons did not exhibit a significant trend of having stronger visual or motor responses (44% visual > movement; p = .7).
Relationship of anticipatory activity to saccade production
To determine whether the activity preceding the luminance stimulus appearing in the RF was related to the monkeys' anticipation or preparation of a saccade to the RF (Bruce & Goldberg, 1985; Coe, Tomihara, Matsuzawa, & Hikosaka, 2002) we examined the relationship of anticipatory neural activity to reaction time (Basso & Wurtz, 1998; Dorris & Munoz, 1998) and to motor choice on error trials (Cisek & Kalaska, 2005) .
Studies in superior colliculus (Basso & Wurtz, 1998; Dorris & Munoz, 1998) and FEF (Ding & Hikosaka, 2006) have used correlations between anticipatory activity observed in other tasks and reaction time to argue that the anticipatory activity is related to saccade production. However, the anticipatory activity in the luminance discrimination task was not correlated with saccadic reaction time (Fig. 7) . We calculated the Pearson correlation coefficients for activity versus reaction time on trials when the saccade was made into the RF and opposite the RF for the anticipatory activity in type I and type II neurons. For the neuron shown in Fig. 2 , there was no correlation between reaction time and level of anticipatory activity for saccades into the RF (p = 0.84; Fig. 7a) ; and there was a slight negative correlation for saccades away from the RF (p = 0.04; Fig. 7b) . Overall, however, there was not a systematic relationship between anticipatory activity and reaction time. Histograms of the correlation coefficients for all anticipatory neurons are shown in Fig. 7c and d during two measured during the last 200 ms of the delay period before the presentation of the luminance stimuli. The lower histograms in Fig. 7c and d shows the results from the average activity measured between 40 and 50 ms following the presentation of the luminance stimuli. This time range is similar to that used by Dorris and Munoz (1998) ; it is the last 10 ms of the anticipatory activity before neurons began to respond to the appearance of the luminance stimuli in their RFs. Although a few of the neurons showed significant positive or negative correlations (p < .05; black bars), the mean correlation coefficients were not significantly less than 0 for saccades into the RF or greater than 0 for saccades away from the RF (onetailed z-tests) for any of the distributions. A recent study in premotor cortex of monkeys performing a delayed matching task showed that pre-cue anticipatory activity on error trials reliably predicts the location of the goal of erroneous reach movements (Cisek & Kalaska, 2005) . Using a similar analysis, we examined activity on error trials to determine if the anticipatory activity in FEF influenced the choice of the saccade goal. On 'same' trials, the monkeys occasionally made an incorrect saccade to the location of one of the luminance stimuli. On these 'false alarm' error trials, the sensory evidence did not support the monkeys' choice; the luminance stimuli were physically identical. Therefore, any motor bias or predisposition in favor of one stimulus location over the other should play a larger role in the monkeys' choice. If the anticipatory activity was related to a motor choice, then the activity on false alarm trials in which the saccade was made into the RF should be greater than on false alarm trials in which the saccade was in the direction opposite the RF. The data recorded from 36 neurons (19 type I and 17 type II) contained enough false alarm error trials to analyze (at least 10 trials for each trial condition). The pooled responses of these neurons are shown in Fig. 8a . The activity of the individual neurons on false alarm trials is compared in Fig. 8b . Across the population, there was not a significant difference in the average activation preceding the luminance stimuli for the two saccade directions on false alarm trials (paired t-test, p = .29). Only one neuron exhibited activity (p < .05) that was significantly higher on trials in which the errant saccade was made into the RF. In summary, the results of the reaction time analysis and the saccade choice analysis indicate that the anticipatory activity was not related to saccade production.
Relationship of anticipatory activity to performance accuracy
We examined whether variations in the anticipatory activity in type I, and II neurons were correlated with differences in performance accuracy. On 'same' trials, the level of anticipatory activity when the monkeys incorrectly reported that one of the luminance stimuli was 'bright' (false alarms) was not different from the activ- ity on trials when the monkey correctly reported 'same' (correct rejections) (p = .35; Fig. 8a ). On 'different' trials, however, there was evidence suggesting that small changes in anticipatory activity affected perceptual sensitivity in the neuron's RF. The anticipatory activity on 'miss' trials (average = 15.45 spikes/s) when the monkeys failed to report the bright stimulus in the RF was 9.6% lower than on 'hit' trials (average = 17.08 spikes/s) when the monkeys correctly reported the bright stimulus in the RF (paired t-test, p = 0 009; Fig. 8c and d) . The same result was obtained when the analysis was done separately on those neurons with greater visual than eye movement activity in the memory-guided saccade task ('miss' = 16.28 spikes/s, 'hit' = 18.27 spikes/s, p = .08), and on those neurons with greater movement than visual activity in the memory-guided saccade task ('miss' = 14.83 spikes/s, 'hit' = 16.19 spikes/s, p = .06). Although the difference is slight, it suggests that the amount of anticipatory activity has an affect on perceptual choice behavior. There was no activity difference between 'miss' and 'hit' trials when the bright stimulus was presented outside the RF (p = .68), or between any other comparison of the activity recorded on correct and error trials in which a luminance stimulus appeared in the neurons' RF.
Behavioral evidence for spatial attention
We assessed whether the monkeys' attention was allocated to the stimulus locations informed by the green stimulus. In separate behavior only sessions the monkeys performed the luminance discrimination task using the same rule; make a saccade to the brighter of the two flashed luminance stimuli or, if they are of equal luminance, make a saccade to the green cue stimulus. Trials began with the appearance of the green cue at the usual 10°eccentricity. However, on 10% of the trials, the two luminance stimuli were presented unexpectedly at 5°or 7°eccentricities instead of the predicted 10°eccentricity. The higher spatial resolution and the increased neural resources dedicated to visual processing at eccentricities closer to the fovea could lead to the prediction that the monkeys would perform better on trials in which the luminance stimuli were flashed at eccentricities closer to the fovea (Virsu & Rovamo, 1979; Wassle, Grunert, Rohrenbeck, & Boycott, 1990) . However, the monkeys' performance was actually worse when the luminance stimuli were flashed at the closer eccentricities. Fig. 9 shows the average performance across 12 experimental sessions, 6 sessions for each of the two monkeys. The monkeys made a valid saccade choice within 500 ms on 99.4% and 98.7% of the expected and unexpected eccentricity trials, respectively. Performance improved with increasing luminance difference for all eccentricities indicating that the monkeys were using the luminance stimuli to guide their behavior during the expected and unexpected eccentricity trials. During the behavior only sessions the monkeys' performance accuracy was similar to but not quite as good as during the recording sessions. This performance difference at the expected eccentricity may be due to the uncertainty introduced by the inclusion of the unexpected eccentricity probe trials. But most importantly, the performance accuracy during the behavior only sessions was much better at the expected eccentricity than at the closer, unexpected eccentricities. This is evidence that the monkeys directed their attention to the locations informed by the green cue stimulus. . Performance was better when luminance stimuli appeared at expected locations. Behavioral data from 12 daily sessions, 6 from each monkey, were averaged. In these sessions, the green cue stimulus always appeared at 10°eccentricity. The luminance stimuli appeared at either 7°or 5°eccentricities unexpectedly on 10% of trials. The averaged percent corrects (±SEM across sessions) as function of luminance differences are plotted for stimuli presented at three different eccentricities: red-the expected 10°eccentricity; green and blue-unexpected 7°and 5°e ccentricities, respectively. For comparison, the average behavioral performance across all neuron recording sessions for both monkeys is also shown (black dotted line). Some of the error bars are shifted to the right to clearly present the data. Asterisks (*) indicate that the performance at 10°eccentricity in the behavior only sessions was significantly better than the performance at both 7°and 5°eccentric-ities (p < .05). . Four neurons exhibited a significant activity difference and, overall, the activity during the last 200 ms of the delay period was greater on hits than on misses.
Discussion
We have described a spatially selective anticipatory response in 60% of FEF neurons in the absence of direct visual input. This activity is a cognitively driven signal derived from the monkeys' expectation of the appearance of visual stimuli to be discriminated. It identified spatial locations important for performing the task. The lack of a correlation with saccadic reaction time and saccade choice suggests that this anticipatory activity was not directly related to saccade production. The monkeys' behavior suggests that the monkeys attended the locations informed by the cue. We propose that this activity is related to a shift of endogenous attention and provides a top-down signal that biases visual processing at the locations of the visual stimuli to be discriminated. The remaining 40% of neurons did not exhibit anticipatory activity and therefore may represent a population of neurons in FEF that do not contribute to the allocation of attention in this task.
In neurophysiological studies it is often difficult to attribute neural activity to a specific cognitive process such as spatial attention (Maunsell, 2004) . Alternative explanations need to be considered. Spatially selective anticipatory responses preceding visual stimulation have been observed previously in visuomotor structures, including FEF, of behaving monkeys and were attributed to motor planning (Bruce & Goldberg, 1985; Dorris & Munoz, 1998) , reward anticipation (Ding & Hikosaka, 2006; Takikawa, Kawagoe, & Hikosaka, 2002) , and choosing a saccade target (decision-making) (Coe et al., 2002; Platt & Glimcher, 1999) . However, the anticipatory activity we described in this study is inconsistent with any of these alternative hypotheses.
The green cue in the luminance discrimination task informed the monkeys about the future locations of the luminance stimuli to be compared; and it was also the most probable rewarded saccade target on each trial. But, in spite of the higher probability of a reward for making a saccade to the green stimulus in the response field, the type I neurons (53% of all anticipatory neurons) did not exhibit delay activity on trials when the green target was in the response field. Instead, the delay activity of these neurons anticipated the appearance of the visual stimuli to be discriminated. This activity is consistent with the hypothesis that it represents the allocation of attention in anticipation of the luminance stimuli, but not with the hypotheses that it is related to the probability that a saccade to the neurons' RF was the correct behavior to obtain reward.
The type II neurons, however, also exhibited elevated activity for the green cue stimulus in addition to the anticipatory activity for the luminance stimuli (Figs. 4 and 5b) . Consequently, there is a possibility that the activity of type II neurons represents the probability that the stimulus in the RF was the saccade goal or rewarded stimulus (Basso & Wurtz, 1998) . However, if this were the case, it would be saccade-or reward-related activity that is unlike any described previously. In previous studies, anticipatory activity related to the probability of reward or to saccade target selection was correlated with saccade reaction time and to the choice of saccade target. (Basso & Wurtz, 1998; Coe et al., 2002; Ding & Hikosaka, 2006; Dorris & Munoz, 1998; Takikawa et al., 2002) . However, we found no evidence of a relationship between the anticipatory activity in type I or in type II neurons and saccadic reaction time (Fig. 7) .
The lack of a relationship to saccade reaction time suggests that the activity associated with the green target in type II cells is most likely a visual response to a stimulus in the receptive field. All of the type II neurons were visually responsive. Neurons that exhibit sustained visual responses as long as a visual stimulus remains in the RF are commonly found in FEF (Bruce & Goldberg, 1985; Schall, 1991) . In addition, there was no relationship between the anticipatory activity of type I or type II neurons and saccade choice on error trials (Fig. 8) . In a recent study of anticipatory activity in premotor cortex related to two alternative hand movements, the activity reliably predicted the monkey's motor choice on error trials. This result supported their conclusion that the activity in question was related to motor preparation (Cisek & Kalaska, 2005) . In contrast, we did not find evidence suggesting that the anticipatory activity observed in our study was related to the selection of the saccade target. The results of both the reaction time (Fig. 7) and saccade choice (Fig. 8) analyses indicate that the anticipatory activity in both type I and type II neurons observed in the luminance discrimination task is not directly related to anticipatory saccade planning. We think the most likely interpretation is that the anticipatory activation in both type I and type II neurons reflect endogenous spatial attention and the activity related to the green cue in type II neurons is a sustained visual response signaling the presence of a visual stimulus in the neurons' receptive field. However, we cannot completely rule out the possibility that type II neurons represent saccade probability. Therefore, if we count only the type I neurons, then at least 32% (27/85) of FEF neurons exhibit activity that is consistent with representing endogenous spatial attention and completely incompatible with a saccade preparation explanation.
Recently, Hasegawa, Peterson, and Goldberg (2004) described neurons in FEF that exhibited increased activity related to the suppression of saccades in a specific direction. Although we did not test neurons in a condition that required the suppression of saccades, all neurons in this study exhibited increased visual, delay or saccade-related activity in the memory-guided saccade task and therefore would not be classified as ''don't look" neurons.
There was enhanced perceptual sensitivity at the expected stimulus locations relative to the less eccentric unexpected stimulus locations (Fig. 9) , suggesting that the monkeys were attending the locations they learned to associate with the location of the green cue. This is consistent with previous studies showing that monkeys, like humans, can and do shift attention according to target probability and behavioral relevance (Ciaramitaro et al., 2001; Corbetta & Shulman, 2002; Desimone & Duncan, 1995; Fries et al., 2001; Kastner & Ungerleider, 2000; Luck et al., 1997; McAdams & Maunsell, 1999) . The enhanced perceptual sensitivity supports the hypothesis that the anticipatory activity preceding the appearance of the luminance stimuli represents the allocation of endogenous attention.
We examined whether small variations in the anticipatory activity was correlated with differences in performance accuracy. On 'same' trials, the level of anticipatory activity when the monkeys incorrectly reported that one of the luminance stimuli was 'bright' (false alarms) was not different from the activity on trials when the monkey correctly reported 'same' (correct rejections) (Fig. 8a) . On 'different' trials, however, there was evidence suggesting that small changes in anticipatory activity affected perceptual sensitivity in the neuron's RF. The anticipatory activity on 'miss' trials when the monkeys failed to report the bright stimulus in the RF was slightly lower than on 'hit' trials when the monkeys correctly reported the bright stimulus in the RF (Fig. 8b) . The lower activity on 'miss' trials is consistent with the hypothesis that anticipatory activity contributes to perceptual performance; especially if detecting the brighter stimulus was the most important factor for the monkeys in performing the task.
In neurophysiological studies of visual cortex the effect of endogenous spatial attention is enhanced visual responses (McAdams & Maunsell, 1999; Mitchell et al., 2004; Reynolds et al., 2000) and small ($40%) increases in baseline activity (Luck et al., 1997) . These attention effects in visual cortex have been attributed to a top-down modulation from higher-order control areas to lower-order processing areas. Converging lines of evidence point to the FEF as an important source of top-down spatial attentional control (Awh et al., 2006; Corbetta & Shulman, 2002; Hamker, 2005; Pessoa et al., 2003; Schall, 2004; Thompson & Bichot, 2005) in addition to its well-known role in saccade production (Bruce & Goldberg, 1985; Schall, 1991 Schall, , 2004 . FEF is reciprocally connected with prefrontal areas thought to be involved in executive control and working memory (Huerta, Krubitzer, & Kaas, 1987; Miller & D'Esposito, 2005) , and with both the ventral and dorsal visual processing streams (Schall, Morel, King, & Bullier, 1995) , putting it in an ideal position to modulate visual processing. Numerous human imaging studies show strong activation of FEF during voluntary shifts of attention (Hopfinger et al., 2000; Kastner et al., 1999; Kincade et al., 2005; Serences & Yantis, 2006) . Electrical microstimulation of FEF improves perceptual performance and enhances neuronal responses in visual cortex in a manner that mirrors the effects of directed spatial attention Moore & Fallah, 2001 ). Inactivation of FEF causes spatially selective deficits in visual attention (Wardak et al., 2006) . In a particularly relevant study, Schafer and Moore (2007) recently showed that attentional effects of subthreshold microstimulation of FEF during the presentation of the visual stimuli dominates the oculomotor effects. The results of our study provide physiological evidence that FEF neurons represent the locus of endogenous covert spatial attention in the absence of visual input. The FEF neurons with anticipatory activity are ideally suited to convey a top-down spatial attention signal to visual cortex that enhances the processing of behaviorally important visual stimuli.
